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nance of genome integrity. The availability of yeast mu- that result in endocytosis and transfer to the cytoplasm.
Other specialized secretion systems deliver macromole-tants defective in DNA repair, checkpoint activation, or
reactive oxygen species detoxification will allow this cules across both bacterial membranes and eukaryotic
membrane bilayers in a single step by the assembly ofand other potential models to be tested. In addition to
providing insights into this phenomenon in yeast, such surface organelles (Baron et al., 2002; Galan and Coll-
mer, 1999). These surface organelles are evolutionarilywork might ultimately help to explain the correlation
between aging and increased genome instability in related to flagella or conjugation pili. The terminal por-
tions of these apparatuses insert into the eukaryotichumans.
host plasma membrane to form a channel that allows the
transfer of up to 20 proteins or plasmid DNA. ThereforeSerge Gravel and Stephen P. Jackson
these secretion systems are evolutionarily related toThe Wellcome Trust/Cancer Research, UK
processes, conjugation and organelle assembly, thatInstitute of Cancer and Developmental Biology
require the transfer of multiple macromolecules acrossUniversity of Cambridge
both Gram-negative bacterial membranes. Now an arti-Cambridge CB2 1QR
cle in this issue of Cell by Uhlin and coworkers (Wai etUnited Kingdom
al., 2003) indicates that Gram-negative bacteria have an
additional strategy to solve the problem of macromolec-Selected Reading
ular transfer across membranes, vesicle formation, and
Aguilaniu, H., Gustafsson, L., Rigoulet, M., and Nystrom, T. (2003). fusion with the plasma membrane. These results solve
Science 299, 1751–1753. the longstanding mystery of how toxins only secreted
DePinho, R.A. (2000). Nature 408, 248–254. into the periplasm can have activity during bacterial in-
Kraus, E., Leung, W.Y., and Haber, J.E. (2001). Proc. Natl. Acad. fection.
Sci. USA 98, 8255–8262. Gram-negative bacteria have long been known to pro-
Loeb, L.A. (1991). Cancer Res. 51, 3075–3079. duce membrane blebs or vesicles (Beveridge, 1999). In
McMurray, M.A., and Gottschling, D.E. (2003). Science 301, 1908– the 1960s, it was observed that E. coli released mem-
1911.
brane blebs or vesicles of 0.5–1 micron into culture me-
Sinclair, D.A., and Guarente, L. (1997). Cell 91, 1033–1042. dium when bacteria where grown in lysine or phosphate
limiting conditions or when protein synthesis was inhib-
ited. The membrane component of these vesicles is de-
rived from the outer membrane which is a specialized
bilayer whose outer leaflet is composed of lipid A. LipidBacterial Vesicle Formation A is part of the glycolipid lipopolysaccharide that makes
up the surface of Gram-negative bacteria (Raetz andas a Mechanism of Protein
Whitfield, 2002). Lipid A is the biologically active compo-Transfer to Animals
nent of LPS which causes inflammation and septic
shock through Toll-like receptor 4 recognition and it
was speculated that these vesicles might play a role in
Gram-negative bacterial vesicle formation is a mecha- delivery of LPS (Devoe and Gilchrist, 1973). Subse-
nism for specific secretion and transfer of a protein quently it was shown that other species released blebs
toxin to animals. This discovery should stimulate work as part of growth in non-nutrient limiting conditions.
on the mechanism of protein sorting into vesicles and The naturally competent Neisseria and Hemophilius spp.
the role of vesicles in bacterial pathogenesis. produce large numbers of vesicles in culture to transfer
DNA (Dorward et al., 1989). Commensal Bacteroides
Commensal and pathogenic bacteria promote their sur- spp. of rumen intestine produce vesicles containing cel-
vival and replication by altering processes of eukaryotic lulase and xylanase which could provide the organisms
organisms. Central to this process is the transfer of with a source of carbon from digestion of non-metaboliz-
macromolecules, either DNA or protein, to eukaryotic able carbohydrate polymers (Forsburg et al., 1981). Re-
cells during colonization and infection of plants and ani- cent work by Beveridge and coworkers (Beveridge,
mals. Such transferred proteins have a wide variety of 1999) has demonstrated that vesicles containing cell
biochemical activities that cause cell transformation, wall active hydrolases and membrane active pore-form-
cytoskeletal rearrangements, alterations in signaling ing proteins can lyse bacterial membranes, presumably
pathways, and cell death. The central paradigm in the from membrane fusion or protein transfer. Subsequently
transfer of macromolecules to eukaryotic cells is the these same workers demonstrated that purified vesicles
from the pathogen Shigella flexneri could fuse with themechanism for secretion across both bacterial and
eukaryotic membranes. Gram-negative bacteria have Henle cell plasma membranes during bacterial infection
of tissue culture cells. Other recent work has showntwo different membrane bilayers (Beveridge, 1999). The
inner and outer membranes are separated by a periplas- that Gram-negative bacterial toxins secreted into the
periplasm can be packaged into outer membrane vesi-mic space containing a variety of enzymes and structural
components. Gram-negative bacteria have evolved a cles, and it has been speculated that this is a mechanism
of toxin delivery (Horstman and Kuehn, 2002; Kollingvariety of sophisticated secretion systems to deliver
macromolecules across the outer membrane. Such sys- and Matthews, 1999). Despite these observations, it re-
mained unclear whether vesicles were a physiologicallytems can deliver protein toxins with signal sequences to
the extracellular milieu after secretion to the periplasm relevant entity or an interesting artifact of in vitro growth.
Now the work of Uhlin and coworkers (Wai et al.,(Pugsley et al., 1997). Once delivered extracellularly, tox-
ins can bind specific host membrane-bound receptors 2003) indicates that bacterial vesicles have an important
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Horstman, A.L., and Kuehn, M.J. (2002). J. Biol. Chem. 277, 32538–biological function in the secretion and delivery of bacte-
32545.rial protein toxins to mammalian cells. This indicates that
Kolling, G.L., and Matthews, K.R. (1999). Appl. Environ. Microbiol.Gram-negative bacteria have a mechanism of vesicle
65, 1843–1848.trafficking that involves transfer of protein cargo from
Pugsley, A.P., Francetic, O., Possot, O.M., Sauvonnet, N., and Har-prokaryotic to eukaryotic cells. The authors demon-
die, K.R. (1997). Gene 192, 13–19.strate that ClyA, a pore-forming toxin of E. coli secreted
Raetz, C.R., and Whitfield, C. (2002). Annu. Rev. Biochem. 71,into the periplasm is packaged into vesicles in a specific
635–700.
fashion, indicating that this is highly likely to be physio-
Wai, S.N., Lindmark, B., Soderblom, T., Westermark, M., Oscarsson,
logic. The bacterial vesicle membranes had specific pro- J., Takade, A., Jass, J., Richter-Dahlfors, A., Mizunoe, Y., and Uhlin,
tein and lipid content characteristic of the outer mem- B.E. (2003). Cell 115, this issue, 25–35.
brane indicating they were formed from the outer
membrane. Furthermore, addition of vesicles to eukary-
otic cells resulted in higher toxin activity than toxin puri-
fied from the periplasm. The authors demonstrated that
this was because vesicle ClyA assembled into oligo- A Polo Match for Plk1
mers. Oligomerization was dependent on bypassing the
disulfide bond isomerization oxidation system present
in the periplasm. This leads to the exciting conclusion
that bacteria can sort proteins when forming vesicles. New work by Elia et al. in this issue of Cell reveals the
Therefore, a specific pathway that excludes certain peri- molecular basis of phosphopeptide recognition by the
plasmic proteins, such as those involved in disulfide polo domain and the domain’s dual function to pro-
bond isomerization must exist. mote substrate recognition by targeting the kinase to
The results of Uhlin and colleagues should stimulate subcellular structures and to autoregulate the adja-
research in this area as many questions remain to be cent protein kinase catalytic domain.
answered. Is vesicle formation regulated and are vesi-
cles being formed in vivo on infection of animals? How The eukaryotic polo-like protein kinases (Plks), of which
are proteins and cargo in the periplasm sorted to such there are four mammalian members (denoted Plk1 to
vesicles and what is the role of the oxidation machinery? Plk4) and one member each in Saccharomyces cerevis-
Is the lipid content of the vesicles unique? How essential iae and Schizosaccharomyces pombe (Cdc5 and Plo1,
is vesicle formation to intracellular pathogenesis of respectively) are important regulators of cell cycle pro-
Gram-negative bacteria which largely adapt an intracel- gression. The Plks have been shown to regulate the
lular lifestyle in host tissues? If vesicle formation is oc- transition from G2 to M, centrosome maturation, spindle
curring at the mammalian mucosal surface, is vesicle assembly, promotion of anaphase-promoting complex
formation playing an important role in symbiosis with activity, sister chromatid separation, and cytokinesis (for
animals? The discovery that bacterial vesicles are not reviews see Glover et al., 1998; Nigg, 1998). Reflecting
simply a phenomenon of in vitro growth should result their roles in numerous mitotic processes, the family
in studies that will increase our knowledge of the interac- members show similar subcellular localization to mitotic
tions of bacteria with eukaryotic organisms. It is plausi- structures including centrosomes, kinetochores, and
ble that the ease of studying bacteria may also lead to the cleavage furrow. Such subcellular localization is ob-
observations of important principles of protein oxida- served for other players of mitotic regulation including
tion, vesicular trafficking, and membrane fusion that the Aurora kinases, NIMA-related kinases, Cdks, and
have implications for these processes in a wide variety Mps1 family kinases (Nigg, 2001), to name a few.
of organisms. Subcellular localization of the Plks is regulated in large
part by the C-terminal region of the proteins (Lee et al.,
1998; Song et al., 2000). All Plks are characterized by
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University of Washington family members. Despite this difference, Sak displays
Seattle, Washington 98195 the subcellular localization pattern characteristic of Plk
family members (Leung et al., 2002).
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